Background: Deletion of phenylalanine-508 (ΔF508) from the first nucleotide-binding domain (NBD1) in the wild-type cystic fibrosis (CF) transmembraneconductance regulator (wtCFTR) causes CF. However, the mechanistic relationship between ΔF508-CFTR and the diversity of CF disease is unexplained. The surface location of F508 on NBD1 creates the potential for protein-protein interactions and nearby, lies a consensus sequence (SYDE) reported to control the pleiotropic protein kinase CK2. Methods: Electrophysiology, immunofluorescence and biochemistry applied to CFTR-expressing cells, Xenopus oocytes, pancreatic ducts and patient biopsies. Results: Irrespective of PKA activation, CK2 inhibition (ducts, oocytes, cells) attenuates CFTRdependent Cl -transport, closing wtCFTR in cellattached membrane patches. CK2 and wtCFTR coprecipitate and CK2 co-localized with wtCFTR (but not ΔF508-CFTR) in apical membranes of human airway biopsies. Comparing wild-type and ΔF508CFTR expressing oocytes, only ΔF508-CFTR Cl -currents were insensitive to two CK2 inhibitors. Furthermore, wtCFTR was inhibited by injecting a peptide mimicking the F508 region, whereas the ΔF508-equivalent peptide had no effect. Conclusions: CK2 controls wtCFTR, but not ΔF508-CFTR. Others find that peptides from the F508 region of NBD1 allosterically control CK2, acting through F508. Hence, disruption of CK2-CFTR interaction by ΔF508-CFTR might disrupt multiple, membrane-associated, CK2-dependent pathways, creating a new molecular disease paradigm for deleted F508 in CFTR. 
Introduction
Cystic fibrosis (CF) is a common autosomal recessive multi-system disease resulting from mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) [1, 2] . CFTR is a Cl -channel with intricate regulation that plays an essential role in fluid and electrolyte transport across epithelia [2, 3] . However, the molecular mechanisms that control CFTR function are complex and incompletely understood [4] . CFTR belongs to the ATP-binding cassette (ABC) family of membrane transporters that utilise the energy of ATP hydrolysis to transport a wide spectrum of substrates across cell membranes [5] . Unique among ABC proteins, CFTR is an ion channel, gated by ATP-driven nucleotide-binding domain (NBD) dimerisation [6] .
Deletion of F508 (ΔF508) from NBD1 of CFTR is by far the commonest pathogenic mutation (accounting for 80-90% of alleles) and induces a multi-system disease [2] . The resultant clinical features are difficult to reconcile with defects in a single type of ion channel [7] [8] [9] [10] because ΔF508-CFTR perturbs inflammation, cell metabolism and multiple ion channels and transporters in epithelial cells. ΔF508-CFTR attenuates CFTR biosynthesis [11] , cell surface expression [12] and channel gating [13] . However, it is unknown how ΔF508 CFTR alters the function of unrelated proteins, including other epithelial ion channels [14] .
CFTR is part of a macromolecular complex in the apical membrane of epithelia [4] comprising (amongst others) a number of protein kinases, syntaxins, ezrinbinding phosphoprotein 50 [15] and CAP70 [16] . Provided ATP is available for NBD binding, CFTR channel function is activated by protein kinases such as protein kinase A (PKA) and protein kinase C (PKC) [17] , but inhibited by the AMP-activated kinase (AMPK) [18, 19] . We noted that F508 is located on the surface of the crystal structure of NBD1 of CFTR, suggesting that it might be accessible for protein-protein interactions [20] [21] [22] . However, in CF model systems no such inter-molecular interactions have yet been assigned to the F508 residue or its adjacent region in wild-type CFTR. This report investigates whether a regulatory protein interacts with this region in an F508-dependent manner.
We hypothesised that an explanation for the multisystem nature of CF might reside in differences between proteins bound to wild-type and ΔF508 CFTR. The aminoacid sequence of CFTR adjacent to F508 contains a consensus sequence (KENIIF 508 GVS 511 YDEYR; consensus motif underlined) with potential for phosphorylation by protein kinase CK2 (formerly known as casein kinase II) [23] , with a potential target serine located at serine 511 (S511). This protein kinase is essential during development and has many hundreds of targets [24] [25] [26] . Given the diversity of unexplained defects in CF, this plurality of action makes CK2 an attractive candidate for study in CF cells. CK2 can exist as a heterotetramer containing two 47 kDa α (catalytic) and two 26 kDa β (regulatory) subunits that target over 300 proteins, linking its promiscuous activity to essential cellular functions [26] . Unusually, CK2 can also use either ATP or GTP as a phosphate donor for kinase activity towards multiple substrates thus adding to the complexity [26] . However, the physiological mechanisms regulating CK2 are not understood despite four decades of effort. Principally, this difficulty arises because unlike most protein kinases, CK2 is often described as constitutively active; but CK2 function is regulated, first by restricting its subcellular localisation and, second, by modulating regulatory interactions between the α and β subunits (following the poorly-understood 'auto'phosphorylation of the β subunit) [27] . Specific inhibitors of CK2 are either directed towards the nucleotide-binding α subunit (exploiting its rather different structure compared to most kinases) or to the site of polyamine binding on the acidic groove in the regulatory β subunit. In this study, we investigated whether CK2 interacts functionally with the F508 region of CFTR and whether deletion of F508 disrupts binding of this signalling molecule using CFTR peptides from the F508 region of NBD1, pharmacological inhibitors of CK2, site-directed mutagenesis of S511-CFTR and biochemical, cell biological and functional assays.
Materials and Methods

Ethical approval
Informed consent for nasal biopsy was obtained in writing from normal volunteers and CF patients. Ethical approval was granted by the Tayside Committee on Medical Research Ethics, Dundee, UK. Guinea pigs were killed by cervical dislocation and the pancreas removed. The experimental protocol was approved by the local Ethical Board of the University of Szeged, Hungary (1-74-130/2007 ). The harvesting of oocytes from Xenopus for CFTR expression studies complied in full with the German laws for animal experimentation ( §6 Abs. 1 Satz 2, Nr. 4 of the German animal protection laws).
Cell culture
For this study, we used human epithelial cells endogenously expressing CFTR and mammalian cell lines expressing recombinant CFTR. The human airway epithelial cell lines 16HBE14o-and CFBE41o- [28] [29] [30] were cultured in M199 media containing 10% foetal calf serum, 2 mM L-glutamine, 1% antibiotics (penicillin-streptomycin, 10,000 U/ml; Invitrogen Ltd., Paisley, UK) and 1% fungizone at 37 °C in a humidified atmosphere of 5% CO 2 . Mouse mammary epithelial (C127) cells stably expressing wild-type human CFTR and baby hamster kidney (BHK) cells stably expressing wild-type and mutant CFTRs were cultured as previously described [31, 32] . C127 and BHK cells expressing wild-type and mutant CFTRs were generous gifts of Dr. C.R. O'Riordan (Genzyme Corp., Framingham, MA, USA) and Prof. M.D. Amaral (University of Lisboa, Portugal), respectively. Unless otherwise specified, reagents were of analytical grade and purchased from Sigma-Aldrich.
Immunofluorescence
Ciliated nasal epithelial cells harvested from the inferior turbinate of patients undergoing unrelated surgery (approved by local ethical committee) were maintained in cell culture medium M199 prior to fixation in 4% paraformaldehyde. Cells were permeabilised using 1% Triton X-100, washed 3 times in PBS, then blocked in 1 mM glycine for 15 min, followed by 5% donkey serum for 15 min. Pelleted cells were resuspended in PBS containing primary antibodies (goat anti-CK2α (Santa Cruz) and mouse anti-CFTR NBD1 (Neomarkers, originally developed by J.R. Riordan) at a 1:100 dilution) and incubated at room temperature, with shaking, overnight. After 3 washes in PBS, pelleted cells were resuspended in PBS containing fluorescein isothiocyanate (FITC)-labelled anti-goat and rhodamine-labelled anti-mouse IgG secondary antibodies (Jackson, 1:100). After a 2 h incubation, with shaking, the cells were washed five times in PBS and resuspended in 15 µl antifade mountant (6% n-propyl gallate in 70% glycerol, 100 mM Tris/HCl, pH 7.4) for mounting on glass slides. Coverslips were sealed with nail varnish for image capture using a Zeiss 510 laser scanning confocal microscope.
Co-immunoprecipitation of CK2 with CFTR
16HBE14o-and CFBE41o-cells were cultured to confluence, harvested and membranes isolated as previously described [33] . Membranes were solubilised in RIPA buffer (10 mM Tris; 1% Triton X-100; 0.5% Na deoxycholate; 0.5% Nonidet P-40; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; pH 7.4 with HCl) containing protease and phosphatase inhibitors before immunoprecipitations were performed. Immunoprecipitates were washed stringently 3 x in RIPA buffer and once in TBST (Tris buffered saline containing 0.05% Tween 20) with 0.5 M NaCl. Samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
Immunoblotting
Immunoblotting was performed as previously described [34] . In brief, blotted membranes were blocked for 30 minutes in TBST with 5% milk powder followed by 4 x 15 minute washes, antibody was applied for 1.5 hours followed by 4 x 15 minute washes, then horseradish peroxidase-(HRP) labelled anti-mouse secondary antibody was applied at a 1/5000 dilution for 45 minutes followed by 4 x 15 minute washes. Bound HRP was visualised using a chemiluminescence system and exposure to X-ray film.
Single-channel patch-clamp studies CFTR Cl -channels were recorded in either cell-attached or excised inside-out membrane patches using an Axopatch 200B patch-clamp amplifier (Molecular Devices Corp., Union City, CA, USA) and pCLAMP data acquisition and analysis software (versions 6.03 and 9.2, Molecular Devices Corp.) as previously described [31, 35] . The established sign convention was used throughout; currents produced by positive charge moving from intra-to extracellular solutions (anions moving in the opposite direction) are shown as positive currents.
For cell-attached recordings, the pipette solution contained (mM): 140 N-methyl-D-glucamine (NMDG), 3 M) and was maintained at 37 ºC; voltage was -50 mV. After excision of inside-out membrane patches, CFTR Cl -channels were activated by the addition of ATP (1 mM) and the catalytic subunit of PKA (75 nM; purified from bovine heart; Promega UK) to the intracellular solution within 5 min of patch excision. To test the effects of TBB (10 µM), the inhibitor was added to the intracellular solution in the continuous presence of ATP (1 mM) and PKA (75 nM) .
We recorded, filtered and digitised data as described previously [31] , with the exception that cell-attached data were digitally filtered at 100 Hz after digitisation. For the purposes of illustration, (i) data were filtered at 500 Hz and digitised at 1 kHz and (ii) baseline correction was applied to cell-attached recordings using pCLAMP (version 9.2). To measure single-channel current amplitude (i), Gaussian curves were fit to current amplitude histograms. To measure open probability (P o ), we created lists of open-and closed-times and calculated P o as described previously [35] . The number of active channels in a membrane patch was determined from the maximum number of simultaneous channel openings observed during an experiment using the strategies described in [35] to minimise errors when counting the number of active channels.
pTLN with Notl and in vitro transcribed using T7, T3 or SP6 promotor and polymerase (Promega, USA). After isolation from adult Xenopus laevis (African clawed frog) (Kähler, Germany), oocytes were dispersed and defolliculated with collagenase (45 min, type A, Boehringer, Germany). Subsequently, oocytes were rinsed and stored at 18 °C in ND96-buffer (in mM): 96 NaCl, 2 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 5 Hepes and 2.5 Na-pyruvate, pH 7.55, supplemented with theophylline (0.5 mM) and gentamicin (5 mg/l). Oocytes were injected with cRNA (1-10 ng) in 47 nl double-distilled water (Nanoliter Injector WPI, Germany). Water-injected oocytes served as controls. 2-4 days after injection, oocytes were impaled with two microelectrodes (Harvard Apparatus), which had resistances of <1 MΩ when filled with 2.7 mol/l KCl. Using two bath electrodes and a virtual-ground headstage, the voltage drop across R serial was effectively zero. Membrane currents were measured by voltage-clamping the oocytes (Warner oocyte clamp amplifier OC725C) in intervals from -90 to +30 mV, in steps of 10 mV, each 1 s. Conductances were calculated using Ohm's law. Oocytes were perfused continuously with physiological solutions at a rate of 5-10 ml/min. All experiments were conducted at room temperature (22 °C). For studies of poly E:Y peptide, 43 nl of the peptide (Sigma) were injected into CFTR-expressing oocytes to a final concentration of 10-20 µM and CFTR Cl -currents assessed 3-24 h after injection. For studies using the KENIIF and KENII peptides, peptides were injected into CFTR-expressing oocytes to a final concentration of 100 nM and CFTR Cl -currents assessed 20 h after injection. To investigate the intracellular pH-dependence of CFTR Cl -currents, CFTR-expressing Xenopus oocytes were exposed to extracellular solutions titrated to pH 7.0, 7.5 and 8.0 in the presence of the protonophore carbonyl cyanide m-chloro phenylhydrazone (CCCP; 10 µM). For experiments using excised oocyte macropatches, at the high levels of CFTR expression employed, run down of preactivated (with forskolin/IBMX) CFTR Cl -currents was sufficiently slow to permit a solution change allowing addition of TBB. The macropatch methods are described elsewhere [37] and were made in the presence of ATP (3 mM) in the intracellular solution.
Pancreatic duct studies
Small intra/interlobular ducts were isolated from guinea pigs as described previously [38] . The ducts were cultured overnight in a 37 °C incubator gassed with 5% CO 2 /95% air. The duct lumen was microperfused using a modification of the method of Ishiguro et al. [39] with a standard HCO 3 --buffered solution containing (mM) 115 NaCl, 25 NaHCO 3 , 5 KCl, 1 CaCl 2 , 1 MgCl 2 and 10 D-glucose, gassed with 95 % O 2 /5 % CO 2 to set pH to 7.4 at 37 ºC. Two concentric pipettes were used for microperfusion. One end of a sealed duct was cut off and the other end was aspirated into the outer, holding pipette. Then, while applying a negative pressure to the holding pipette with a syringe, the inner perfusion pipette was gently advanced into the duct lumen. The duct was then perfused at a rate of 10-30 µl/min with the luminal perfusate flowing out at the open end. The high rate of bath perfusion (5-6 ml/min), which was in the same direction as the flow of luminal perfusate, ensured that the escaping luminal perfusate did not gain access to the basolateral surface of duct epithelial cells. Replacement of the luminal perfusate took up to 2 min. Intracellular pH (pH i ) was estimated using the pH-sensitive fluorescent dye BCECF-AM. Briefly, ducts were bathed in standard Hepes solution at 37 °C and loaded with the membrane permeable acetoxymethyl derivative of BCECF (2 µmol/l) for 20-30 min. After loading, the ducts were continuously perfused with solutions at a rate of 5-6 ml/min. pH i was measured using a microspectrofluorimeter system (Cairn Research Ltd., Faversham, UK). A small area of 5-10 cells was excited with light at wavelengths of 490 nm and 440 nm and the 490/440 fluorescence emission ratio was measured at 535 nm. Four pH i measurements were obtained per second.
In situ calibration of the fluorescence signal was performed using the high K + -nigericin technique [40, 41] [42, 43] . The initial rate of intracellular acidification (dpH/dt) from the administration of inhibitors over the first 60 s was calculated by linear regression analysis using 60 data points (one pH i measurement per second).
The total buffering capacity (β total ) of duct cells was estimated according to the NH 4 + pre-pulse technique [42] [43] [44] [45] . Pancreatic duct cells were exposed to various concentrations of NH 4 Cl in a Na 
Statistics
Results are expressed as means ± SEM of n observations. To test for differences between groups of data, an analysis of variance (ANOVA) was used. To compare only two sets of data, we used Student's t-test. Differences were considered statistically significant when P < 0.05. Tests were performed using SigmaStat TM (version 2.03, Jandel Scientific GmbH, Erkrath, Germany) or Excel (Microsoft). 
Results
Localisation of CK2 and CFTR in ciliated nasal epithelial cells from normal subjects and CF patients
Using immunofluorescence and confocal microscopy, we investigated whether the subcellular localisation of the pleiotropic protein kinase CK2 coincides with the apical membrane distribution of CFTR in ciliated human nasal epithelial cells harvested from normal volunteers (age range 16-35 years). Moreover, we were interested to learn whether the defective processing and trafficking of the common CF mutant ΔF508-CFTR altered the distribution of CK2 in ciliated nasal epithelial cells obtained from CF patients of a similar age homozygous for the ΔF508-CFTR mutation. Figure 1a demonstrates that, like wild-type CFTR, the α (catalytic) subunit of CK2 (CK2α) is localised at the apical membrane of ciliated nasal epithelial cells from normal subjects. Consistent with previous data acquired using recombinant and native cells [11, 46] , ciliated nasal epithelial cells from CF patients homozygous for the Fig. 1 . CK2 colocalisation with wildtype, but not ΔF508 CFTR 4% paraformaldehyde-fixed human ciliated nasal airway epithelial cells from wild type (a) and Pseudomonasfree homozygous ΔF508 CF (b) subjects stained with anti-CFTR rhodamine and anti-CK2α FITC. Images were acquired with a Zeiss LSM510 microscope using identical laser output and gain and are typical of samples from at least three separate individuals from each group. Scale bar is 5 µm. Controls omitting primary antibodies were blank at the same settings. Fig. 2 . CFTR, but not ΔF508-CFTR associates with CK2 (a) Co-immunoprecipitation (IP) of CK2 with CFTR using identical input protein content of membranes from cystic fibrosis bronchial epithelia (CFBE) and human bronchial epithelia (HBE). (b) 1% octyl-glucoside extracted HBE membranes overlaid onto dot blots of wild-type/ΔF508 peptide (GTIKENIIFGVSYDEYRYR/GTIKENI-IGVSYDEYRYR; labelled as KENIIF/KENII, ΔF508-CFTR mutation show very little staining for CFTR protein at the apical membrane (Fig. 1b) . Figure 1b also demonstrates that the localization of CK2α to the apical membrane is abrogated in nasal epithelial cells from CF patients bearing the ΔF508-CFTR mutation. We interpret these results to suggest that the localisation of CK2 to the apical membrane of nasal epithelial cells is dependent on CFTR.
To explore further the association of CK2 with CFTR, we isolated cell membranes from human bronchial epithelial cells endogenously expressing wild-type or ΔF508-CFTR (HBE, 16HBE14o-and CFBE, CFBE41o- [28] [29] [30] 47 ], respectively) and tested whether CK2α coimmunoprecipitates with CFTR. Figure 2a demonstrates that CK2α was detected in CFTR immunoprecipitates from HBE membranes, whereas it was undetectable in CFTR immunoprecipitates from CFBE membranes. CK2 was detected in the input membranes from both cell lines (data not shown). We confirmed that CK2α can interact with the F508 region of CFTR using a peptide overlay approach. We made detergent extracts of cell membranes from HBE cells and overlaid them onto peptide dot blots Protein Kinase CK2, CFTR and the ΔF508-CFTR Mutation respectively), and probed for CK2α or PKC (both Santa Cruz). Bottom panels omit primary antibody and fourth PKC panel is positive control; unrelated peptide is from NBD2 (QRVGLLGRTGSGKSTLL); results shown are representative of n = 3 experiments.
Cell Physiol Biochem 2009;24:347-360 followed by detection with an anti-CK2α antibody. Figure  2b demonstrates that CK2α only binds the peptide sequence corresponding to wild-type CFTR (KENIIF; Fig. 2b ). This was confirmed using a second anti-CK2α antibody (data not shown). Figure 2b also shows that no interaction was detected with cell membranes from HBE cells using either the ΔF508-CFTR peptide (KENII) or a control peptide from another region of CFTR (unrelated peptide from NBD2). As a further control, we also used PKC, a protein kinase that regulates CFTR activity [48] [49] [50] and demonstrated that no peptide bound to PKC (Fig.  2b) .
Taken together, these biochemical and cell biological data suggest that CFTR associates with CK2α and that the ΔF508 mutation disrupts this interaction. This interpretation is consistent with recently published evidence demonstrating that NBD1 of CFTR interacts with CK2α in vitro and that the loss of F508 alters this interaction [27] .
CK2 modulates cAMP-dependent anion transport
CFTR plays a central role in cAMP-dependent fluid and electrolyte transport across epithelia by providing a pathway for anion movement across the apical membrane and regulating the function of other ion channels and transporters [3, 51] . To investigate CK2-dependent regulation of CFTR-mediated anion transport, we employed the CK2-selective inhibitor, TBB [52] . TBB targets the unusual ATP binding site on CK2α, but is without effect on 30 other protein kinases including recognised modulators of CFTR such as PKA, PKC and AMPK [52] .
To test the effects of TBB on CFTR-dependent anion transport at the whole tissue level we employed isolated pancreatic ducts from the guinea pig [43, 53] . Intact pancreatic ducts from the guinea pig and other species are a robust model of CFTR-dependent HCO 3 -secretion [38, 39, 42, 54] . Using the inhibitor-stop technique, we measured rates of luminal Figure 3a demonstrates that exposure of a single microperfused pancreatic duct to secretin (10 nM) increased HCO 3 -secretion (measured as a fall in pH i ) ~2 fold above basal levels (data summarised in Figure 3b) . Secretin is the most important physiological regulator of pancreatic HCO 3 -secretion and activates CFTR by a cAMPdependent mechanism [55, 56] . Addition of TBB (40 µM) alone to the luminal membrane caused a small alkalinisation of intracellular pH (Fig. 3a) , but this CK2 inhibitor had no significant effect on basal rates of HCO 3 -efflux (Fig. 3b) . By contrast, TBB (40 µM) completely abolished secretin-stimulated HCO 3 -efflux (Fig. 3b) , consistent with an important role of CK2 in regulating CFTR-dependent HCO 3 -secretion. Note that the increase in pH i caused by TBB is unlikely to account for the observed inhibition of secretin-stimulated HCO 3 -secretion because CFTR exhibits little pH i -dependence between pH i 7.3 and 7.5 [56] . Moreover, when we exposed CFTRexpressing Xenopus oocytes to extracellular solutions titrated to pH 7.0, 7.5 and 8.0 in the presence of the To understand better how CK2 inhibition affects CFTR function, we used the patch-clamp technique to investigate the single-channel activity of CFTR expressed in C127 cells. Figure 4a demonstrates that addition of TBB (10 µM) to the solution bathing an intact cell caused a prompt inhibition of channel activity in a cell-attached membrane patch (compare expanded trace 1 with expanded traces 2 and 3 in Figure 4a and d) . TBB mediated its effects in two ways: first, it caused a timedependent prolongation of the closed-time interval between bursts of channel openings and hence, decreased open probability (P o ) to zero (Fig. 4e histogram, left) .
Second, it caused a small decrease in current flow through individual channels (Fig. 4f histogram, right) . Interestingly, Figure 4b -f demonstrates that when TBB (10 µM) was added directly to the solution bathing the intracellular side of the membrane using an excised inside-out membrane patch, the drug had little effect on channel gating and hence, P o , but still reduced current flow through individual channels. Two conclusions can be drawn from these data. First, the small effect of TBB on CFTR-mediated current flow most likely represents the direct interaction of TBB with CFTR, itself. Second, the effects of TBB on CFTR channel gating that are observed in intact cells, but lost on excision of membrane patches suggest that TBB exerts its effect via a cytosolic CFTR-interacting protein that may be lost during excision of the membrane patch from C127 cells (which does not seem to be the case in excised oocyte membranes; c.f. below). Given that TBB is a selective inhibitor of CK2 at the low micromolar concentrations used here, the simplest interpretation of our data is that CK2 regulates CFTR channel gating in intact cells.
TBB fails to inhibit ΔF508-CFTR Cl -currents
To investigate further how CK2 regulates the CFTR Cl -channel, we used the Xenopus oocyte expression system. Because the amino acid sequence of Xenopus CK2 is almost identical to that of human CK2 (α subunit, 94% identity; β subunit, 98% identity), we began by expressing only CFTR constructs in Xenopus oocytes. To inhibit CK2 activity pharmacologically, we added TBB (1 µM) to the solution bathing oocytes or injected oocytes with poly E:Y peptide 4:1 (10 µM), a peptide inhibitor of CK2, structurally-unrelated to TBB, which targets the β subunit of CK2. Figure 5a demonstrates that cAMPstimulated CFTR Cl -currents were inhibited markedly by both TBB (1 µM) and poly E:Y peptide (10 µM); similar results were obtained when CFTR-expressing oocytes were pre-treated with TBB (1 µM) prior to the addition of cAMP agonists (Fig. 5, legend) . These data suggest that the effects on CFTR Cl -currents of CK2 inhibition are dominant over those of PKA activation. Moreover, when membranes were excised as macropatches from IBMX/forskolin stimulated CFTR-expressing oocytes, the conductance of the macropatches (56 ± 4.1 nS) was significantly inhibited by 1 µM TBB (31 ± 3.8 nS; n = 5), suggesting that CK2 directly controls CFTR. Consistent with our hypothesis that CK2 would not regulate CFTR when the F508 residue is absent, we found that neither agent inhibited ΔF508-CFTR Cl -currents (Fig. 5b) . Because inhibition of CK2 attenuates markedly wild-type CFTR Cl -current, but is without effect on ΔF508-CFTR Cl -current, we suggest that the CF mutation ΔF508 abrogates CFTR regulation by protein kinase CK2.
Despite the reported specificity of TBB for CK2 around the concentrations used in the above experiments [52] , the application of any pharmacological inhibitor always raises the question of specificity. CK2 is both essential and constitutively active targeting hundreds of proteins. Therefore, to demonstrate that TBB exerts its effects on CFTR by acting specifically on CK2, we used CK2-dm, a TBB-insensitive CK2 α subunit variant (V66A and I174A, gift of L.A. Pinna, Padua, Italy) [57] . CK2-dm retains full kinase activity, but is not inhibited by TBB and is thus a valuable tool to compete away endogenous, TBB-inhibitable, CK2. Figure 6a (left) demonstrates that The residual inhibition of CFTR in oocytes coexpressing CFTR and CK2-dm most likely represents the inhibition of CFTR by endogenous wild-type Xenopus CK2α, which is almost identical to human CK2α. Taken together, our functional data argue that the effects of TBB on the CFTR Cl -channel are mediated by protein kinase CK2. This finding is consistent with our biochemical data which used surface plasmon resonance to demonstrate a high affinity interaction between CK2 and the NBD1 region of CFTR [27] .
CK2 associates with wild-type, but not ΔF508 CFTR Despite our consistent results with two unrelated pharmacological CK2 inhibitors, it remained to be determined whether CK2, by itself, directly affected CFTR Cl -channel function. One reason for caution is that CK2 has so many targets, including the epithelial Na + channel (ENaC) [58] , which is defectively regulated in CF [14] . To overcome this problem, we used the peptide employed in Figure 2b , corresponding to the wild-type sequence of CFTR around the F508 site to sequester CK2 away from CFTR. Such CFTR derived peptides of approximately 10-20 amino acids in length across this region of NBD1 were recently found to interfere with the 'auto'phosphorylation of CK2β in vitro [27] . We applied the KENIIF (wild-type) and KENII (ΔF508) peptides, which both contain the putative CK2 consensus sequence around serine 511, to determine their effects on CFTR function. Figure 6b demonstrates that injection of Xenopus oocytes expressing wild-type CFTR with KENIIF inhibited cAMP-stimulated CFTR Cl -current by ~50%, whereas injection of oocytes expressing wildtype CFTR with KENII did not reduce significantly the magnitude of cAMP-stimulated CFTR Cl -current.
Mutation of S511 abrogates TBB inhibition, without altering single channel behaviour
To investigate the contribution of S511 to CFTR function, we used site-directed mutagenesis to replace this uncharged polar side chain with (i) a nonpolar side chain (alanine, A) and (ii) an acidic side chain (aspartic acid, D) and recorded CFTR Cl -currents in BHK-cells expressing these constructs. Figure 7a demonstrates that mutation of S511 in wild-type CFTR is without effect on the single-channel activity of CFTR; neither the i nor the P o of S511A-and S511D-CFTR differed from those of wild-type CFTR when measured in excised inside-out membrane patches from BHK cells stably expressing CFTR constructs. By contrast, the P o of ΔF508-CFTR was attenuated sharply compared with that of wild-type CFTR and no channel activity was detected in BHK cells expressing the construct ΔF508-S511D-CFTR, when BHK cells were cultured at 37 °C (Fig. 7a).   Fig. 6 . Demonstration of the interaction of CK2 and CFTR using a TBB-insensitive CK2 construct and CFTR peptides (a) Oocytes were injected with cRNA encoding either CK2 alone (left two panels) or CK2 with wildtype CFTR (right two panels), stimulated with IBMX/forskolin and subsequently exposed to TBB (1 µM). CK2-dm indicates the double mutant form of CK2α that is unaffected by the CK2 inhibitor, TBB. The Y-axis shows CFTR conductance (G CFTR ) normalised to each individual pre-TBB value, and is expressed as a fraction of the IBMX (1 mM) and forskolin (2 µM) stimulated level. Data are means + SEM (CK2 alone, n = 4; CK2-dm, n = 4; CK2 + CFTR, n = 8; CK2-dm + CFTR, n = 20). The co-expression of CK2 with CFTR generated cAMPstimulated CFTR Cl Nevertheless, a critical role for S511 in CK2-dependent regulation of CFTR was revealed using the Xenopus oocyte expression system. Figure 7b demonstrates that TBB (1 µM) was without significant effect on cAMP-stimulated CFTR Cl -currents in oocytes expressing S511D-CFTR. This result contrasts sharply with the marked inhibition of wild-type CFTR Cl -currents by TBB (1 µM) (Fig. 5a) . Processing of ΔF508-S511D-CFTR is more efficient in oocytes and thus ΔF508-S511D-CFTR generated a cAMP-stimulated CFTR Cl -current that was also unaffected by TBB (1 µM). Taken together, these data suggest that S511 plays an important role in mediating CFTR inhibition by the CK2-selective inhibitor TBB, but that mutation of this residue is without significant effect on the single-channel activity of CFTR.
Discussion
Our studies have explored the role of protein kinase CK2 in CFTR regulation. We demonstrate that inhibition of CK2 closes the CFTR Cl -channel. The consistency of our results using mammalian cells and Xenopus oocytes expressing recombinant CFTR and epithelial cells expressing endogenous CFTR (including an intact, perfused pancreatic duct) argues that the CK2-CFTR interaction is a general feature of CFTR-expressing cells.
In addition, we established that deletion of F508 disrupts the interaction of this kinase with CFTR.
Because CK2 is an essential early gene in development with over three hundred in vivo targets [25, 26] , dominant negative, inhibitory or knockdown studies inevitably impact on multiple cellular pathways making interpretation of results problematic given that CK2 may control 10% of all phosphorylated proteins. The constitutive 'always-on' activity of CK2 makes it necessary to apply site-directed mutagenesis to both the kinase itself (creating an inhibitor-insensitive mutant) and the putative target as discussed below. We complemented this approach with experiments using specific, competitive peptides to disrupt the local association of CK2 and CFTR. We find that the KENIIF (wild-type) peptide inhibits wildtype CFTR Cl -channel function in oocytes. We undertook these studies because TBB is itself an anion; at high concentrations TBB is an open-channel blocker of the CFTR Cl -channel (Z Xu, J-H Chen and DN Sheppard, unpublished observations). One possible interpretation of the peptide data is that KENIIF can sequester CK2 away from wild-type CFTR, and that CK2 is essential for normal CFTR function. Our hypothesis that ΔF508 abrogates CK2 binding is strengthened by the finding that the KENII (ΔF508) peptide cannot inhibit CFTR function, suggesting that it cannot sequester CK2 (but see alternative allosteric regulatory loop arguments below). The contrast in CFTR sensitivity to TBB using the cell-attached and the excised patch configurations shown in Figure 4 is striking. These data suggest a protein-protein interaction between CK2 and CFTR in the intact cell.
CK2 is a very complex kinase whose physiological regulators are unknown. In the present work, we show that when CFTR fails to traffic to the apical membrane of CF nasal epithelial cells, CK2 is absent from the apical membrane. This result is reminiscent of our recent studies of the interaction between CK2 and ENaC [58] . In that study, we found that the transition between cytosolic and membrane-bound CK2 is dependent on the phosphorylation status of ENaC. Of note, when both recognised CK2 targets in ENaC were mutated to nonphosphorylatable alanines (αβS631AγT599A-ENaC), no CK2 migrated to the membrane despite abundant amounts in the cell interior [58] . Moreover, other studies have described complex interactions between CK2 and the cytoskeleton (for review, see [59] ). Thus, trafficking of CK2 is not a simple matter of diffusion from the cytosol to a molar excess of target protein in the cell membrane. In another study [60] , we identified a related phenomenon for membrane local effects when investigating CFTR regulation by AMPK. In results reminiscent of those observed with ENaC [58] , adding millimolar quantities of the AMPK activator AMP to the cytosol failed to induce CFTR channel closure [60] . By contrast, when we manipulated local AMP concentrations using pharmacological tools to prevent AMP formation at the cell membrane, CFTR Cl -channels opened promptly [60] . For these and other reasons (see below), we believe that adding complex, multi-subunit kinases (e.g. AMPK and CK2) to the solution bathing the intracellular face of excised inside-out membrane patches from cells expressing CFTR is unlikely to yield meaningful results. Our studies began with the notion that S511 in the F508 region of NBD1 is a potential target serine for phosphorylation by CK2 because the CFTR sequence S 511 YDE has the appropriate acid residues C-terminal of the S511. However, when Pagano et al. [27] investigated interactions between CK2 and NBD1 of murine CFTR in vitro, no phosphorylation of S511 was identified despite it being an excellent potential CK2 target. Instead, CK2 phosphorylated S422, S423 and S670; S422 and S670 are conserved in the human sequence [27] . We have also been unable to demonstrate phosphorylation of S511 either using radiolabelled ATP in the presence of recombinant CK2 and purified human NBD1 or by applying a site specific antibody for phosphoserine-511 to recombinant CFTR (KJ Treharne and A Mehta, unpublished observations). Nevertheless, the present results using intact cells and a variety of assays suggest strongly that some form of functional interaction occurs between CK2 and the F508 region of CFTR. However, further work is required to resolve why S511 appears to be important in conferring CK2 sensitivity on CFTR when expressed in the Xenopus oocyte system, but has no major impact on the single-channel behaviour of CFTR in excised insideout membrane patches (Fig. 7) . Pagano et al. [27] suggest that this region of CFTR confers the first ever described allosteric regulation towards the CK2 holoenzyme which alters when F508 is missing and when S511 is mutated. They also suggest that this region might inhibit the catalytic site of CK2 should CK2α be present without its β subunit. Thus, the simplest interpretation of our data is that when a patch of cell membrane is excised a local feedback loop involving CK2 is disrupted. Given that CK2 controls so many processes at the cell membrane, including PKA [61] and the cytoskeleton [59] , this idea seems to be a reasonable working hypothesis.
Using biochemical assays, Pagano et al. [27] also analysed the interplay between the KENIIF and KENII peptides, NBD1, CK2α and CK2β. In their in vitro phosphorylation experiments, Pagano et al. [27] applied peptides corresponding to the F508 region of CFTR and measured the activation status of CK2. They found that these peptides inhibited the phosphorylation of the β subunit of CK2, which is known to be essential for the activation of the holoenzyme, yet the same peptides enhanced the phosphorylation of NBD1 and could even modulate CK2 targeting towards physiologically important substrates such as calmodulin, inhibitor-2 of protein phosphatase 1 and heat shock protein 90 [27] . The authors state that "the sequence around F508 represents, with respect to CK2, at the same time a docking site and an allosteric effector, whose dual function is increased by F508 deletion." The complexity of their discoveries using purified proteins and in vitro biochemical approaches makes direct comparisons with our physiological data difficult. In particular, the data shown in Figure 7 demonstrate that S511D-CFTR is insensitive to TBB inhibition even though S511 is not a CK2 target. Clearly, there may be other regions outside the NBDs that might be CK2 targets such as T1471 near the C-terminus of CFTR [62] , but their functional significance remains to be determined. Nevertheless, our data when combined with those of Pagano et al. [27] suggest that the S511 region has a regulatory function in the reciprocal interaction of CK2 with CFTR such that CK2 controls CFTR and, in turn, CFTR controls CK2.
What might be the pathophysiological consequences of ΔF508-induced CK2 mislocalisation away from the apical membrane of epithelial cells? Some of the cellular processes reported to be defective in CF are dependent upon CK2. For example, polyamines, such as spermidine, which are stimulators of CK2 activity, are increased in CF [63] [64] [65] , suggesting a compensatory reaction to the loss of CK2 function. CFTR maturation is dependent on its association with calnexin in the ER [66] ; this chaperone is phosphorylated by CK2 [67] . The residence time for ΔF508-CFTR at the apical membrane is reduced due to abnormal endocytic cycling [68, 69] and coating and uncoating of such vesicles is a CK2-dependent process [70] . As discussed above, CK2 is targeted to the cell membrane by ENaC [57] , whose function is disrupted in CF by unknown mechanisms. Interestingly, the CF antigen, which is over-expressed in both CF patients and model systems, is a regulator of CK2 kinase activity [71, 72] . Thus, some of the reported targets of CK2 [26, 73] include proteins controlling unexplained aspects of CF disease [74, 75] . Overall, our proposed role for CK2 is consistent with published data on the cell biological consequences of the commonest CFTR mutation.
One approach to CF therapy aims to rescue defective processing and trafficking of ΔF508-CFTR [76] . Our data suggest that CK2-dependent regulation of ΔF508-CFTR might still be defective under conditions where ΔF508-CFTR has been induced to traffic to the apical membrane, consistent with published data showing that restoration of trafficking fails to fully restore CFTR-mediated Cl -current [13, 76, 77] . Outside the CF field, understanding the CK2-CFTR interaction might generate new drugs for the treatment of secretory diarrhoeas because inhibitors of CFTR, selected for their impact on transepithelial ion transport, have been proposed as treatments for cholera [78] .
In conclusion, the data in this paper suggest not only that CK2 is a novel regulator of CFTR function, but also that CK2-dependent regulation of ΔF508-CFTR is dysfunctional. Although the ΔF508 mutation is responsible for most cases of CF, further work will be needed to determine whether other pathogenic mutations in CFTR act by a CK2-related mechanism. Our data suggest a radically different explanation for the commonest CF defect that links the deletion of F508 with defective function of a pleiotropic kinase that controls diverse pathways currently thought to lie outside CF pathophysiology. Our work complements the data of Pagano et al. [27] , who suggest that the F508 region of CFTR, in isolation, can regulate CK2 activity towards specific targets, including NBD1, itself. Here, we present the corollary, regulation of the CFTR Cl -channel by CK2, a kinase with hundreds of potential targets that acts dominantly over PKA regulation.
